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Why stereo photogrammetry?

Why not plain, old photogrammetry?
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1. Are clouds sticky or slippery?

2. Intro to the latest stereo product: COGS

3. What sets cloud cover?

4. Are clouds thermals or plumes?



Are cloud thermals slippery or sticky?
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Argument for “slippery”

Slippery Thermals and the Cumulus Entrainment Paradox*
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ABSTRACT

In numerical simulations of growing congestus clouds, the maximum upward velocities w typically occur in
compact toroidal vortices or thermals. These maxima were tracked, and the momentum budget was analyzed
within spherical regions centered on them with objectively determined radii approximately enclosing the
vortex ring or pair. Such regions are proposed as an advantageous prototype for rising air parcels due to their
prolonged identity as evident in laboratory flows. Buoyancy and other forces are generally less than 0.02m s22

(0.7K). In particular, resolved mixing between thermals and their environment fails to produce the drag nor-
mally anticipated, often producing even a slight upward force, indicating that parcel models should allow for
significantly different dilution rates for momentum than for material properties. A conceptual model is pro-
posed to explain this as a result of the thermals’ internal circulation and detrainment characteristics.
The implications of momentum dilution for cumulus development are explored using a simple model of

a heterogeneous entraining parcel. Without friction, parcels reach the upper troposphere even at a high
entrainment rate [;(2 km)21] if the environment is sufficiently humid, whereas with standard momentum
dilution, a much lower entrainment rate is required. Peak condensed water amounts and sensitivities of cloud
amount and height to ambient humidity are significantly more realistic in the high-entrainment case. This
suggests that revised treatments of friction and momentum could help address the ‘‘entrainment paradox’’
whereby entrainment rates implied by detailed cloud studies are higher than those typically preferred for
parcel-based calculations.

1. Introduction

Clouds and deep convection in climate models, pre-
dicted based on simple models of the phenomenon, ex-
hibit certain typical and stubborn problems. For one,
many models produce too much cloud within a few ki-
lometers of the tropopause, and most produce too little
at lower levels (Zhang et al. 2010; Chepfer et al. 2008).
They also intrinsically predict the lofting of very high ice
amounts to the tallest cloud tops, such that ‘‘precipitation
efficiencies’’ approaching 99% or more (Emanuel 1991)

are required to return cloud ice contents to realistic
values. This is hard to justify, and resulting ice amounts
vary by an order of magnitude among different models
(John and Soden 2006). Too much aerosol is also lofted
far above the surface in deep convective regions
(Winker et al. 2010). Finally, deep convection occurs too
early over land, and is simulated almost as readily in
environments that are dry aloft as those that are humid,
in strong contrast to observations and cloud-resolving
model (CRM) simulations indicating that deep growth
into environments below 70%–80% relative humidity is
nearly impossible in low-shear situations (see Derbyshire
et al. 2004; Sherwood et al. 2010).
A number of explanations for these problems are

possible, and several strategies have been tried very
recently to try to address them (Del Genio 2012). The
most popular has been to increase, or make state
dependent, the rate of entrainment of environmental air
into upward-moving air parcels in deep convection. This

* Supplemental information related to this paper is available at
the Journals Online website.
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Cloud thermals resemble Hill’s vortex, 
and Hill’s vortex feels no drag.
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Argument for “sticky”

Sticky Thermals: Evidence for a Dominant Balance between Buoyancy and
Drag in Cloud Updrafts

DAVID M. ROMPS AND ALEXANDER B. CHARN

Department of Earth and Planetary Science, University of California, Berkeley, and Berkeley Earth Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, California

(Manuscript received 9 February 2015, in final form 30 March 2015)

ABSTRACT

The vertical velocities of convective clouds are of great practical interest because of their influence onmany
phenomena, including severe weather and stratospheric moistening. However, the magnitudes of forces
giving rise to these vertical velocities are poorly understood, and the dominant balance is in dispute. Here, an
algorithm is used to extract thousands of cloud thermals from a large-eddy simulation of deep, tropical,
maritime convection. Using a streamfunction to define natural boundaries for these thermals, the dominant
balance in the vertical momentum equation is revealed. Cloud thermals rise with a nearly constant speed
determined by their buoyancy and the standard drag lawwith a drag coefficient of 0.6. Contrary to suggestions
that cloud thermals might be slippery, with a dominant balance between buoyancy and acceleration, cloud
thermals are found here to be sticky, with a dominant balance between buoyancy and drag.

1. Introduction

The vertical velocities of cloud updrafts strongly af-
fect aerosol activation rates (Abdul-Razzak et al. 1998),
formation of hail (Danielsen et al. 1972), clear-air tur-
bulence (Lane et al. 2012), aircraft hazard (Lane et al.
2003), lightning flash rates (Romps et al. 2014), tornado
occurrence (Davies-Jones 1984), gravity wave genera-
tion (Fovell et al. 1992), the depth of convective over-
shooting (Wang 2007), and the convective moistening of
the stratosphere (Grosvenor et al. 2007). Despite the
importance of vertical velocities, the balance of forces
giving rise to those motions is poorly understood. To
make some headway on elucidating this balance of
forces, we focus here on the quantum of moist convec-
tion: the cloud thermal. Our goal is to answer the fol-
lowing question: what is the dominant balance in the
vertical momentum budget of mature cloud thermals?
One hypothesis is that the dominant balance in the

vertical momentum budget of a mature cloud thermal is
between buoyancy and acceleration (dw/dt; buoyancy).
In this hypothesis, drag plays no significant role. Since

cloud thermals take the form of a quasi-spherical vortex
ring (Levine 1959), evidence in favor of this no-drag
picture can be found in the experimental literature on
vortex rings. Reynolds (1876) was the first to study the
momentum budget of vortex rings in a laboratory set-
ting, and he concluded that ‘‘these rings do move with-
out any appreciable resistance.’’ This conclusion was
bolstered by the laboratory work of Maxworthy (1974),
who estimated the drag coefficient to be much less than
one at a value of about 0:046 0:005. More recently,
Sherwood et al. (2013) argue that cloud thermals should
have no form drag, just like Hill’s vortex (Hill 1894).
Because of this presumed lack of drag, Sherwood et al.
(2013) refer to cloud thermals as ‘‘slippery.’’ Based on
this assumption, the parcel model in that study neglects
form drag and wave drag by setting the drag coefficient
to zero.
The alternate (and opposite) hypothesis is that the

dominant balance is between buoyancy and drag
(buoyancy; drag). We will refer to the thermals in this
scenario as ‘‘sticky.’’ The evidence in favor of this hy-
pothesis comes from recent cloud-resolving studies of
moist convection. By conditionally sampling grid cells
in a large-eddy simulation (LES) of shallow convection,
de Roode et al. (2012) find that ‘‘the pressure gradient is
the dominant term balancing the buoyancy,’’ and this
conclusion is bolstered by the similar analysis of Wang
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Hill’s vortex is a solution to inviscid flow.  
Objects in real fluids feel drag.
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With stereo photogrammetry, 
we can measure:



dw

dt
= buoyancy� dragbuoyancy =

dw

dt
+ drag

Assume either
slippery (cd = 0)

or
sticky (cd = 1)

Measure 
with 

stereo 

Measure with 
stereo

1

2
cdAw2

We get estimates
of buoyancy using
the assumptions of

slippery (cd = 0)
and

sticky (cd = 1).

Compare to reported 
in-situ observations of 

cloud buoyancy
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Movie credit: Jacob Seeley

Track cloud thermals algorithmically in a large-eddy simulation
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using only buoyancy 
(slippery hypothesis), 
too much 
acceleration.

slippery



−5 0 5 10

−2
0

2
4

6

Elapsed time (minutes)

C
ha

ng
e 

in
 h

ei
gh

t (
km

)

Actual z(t)

dw
dt

= b

dw
dt

= -
1
r

 
¶p'
¶z

dw
dt

= b -
1
r

 
¶p'
¶z

Black lines are actual 
cloud trajectories.

If we reconstruct z(t) 
using only buoyancy 
(slippery hypothesis), 
too much 
acceleration.

If we use only drag 
(“silly” hypothesis), 
too much 
deceleration.

slippery

just plain silly



−5 0 5 10

−2
0

2
4

6

Elapsed time (minutes)

C
ha

ng
e 

in
 h

ei
gh

t (
km

)

Actual z(t)

dw
dt

= b

dw
dt

= -
1
r

 
¶p'
¶z

dw
dt

= b -
1
r

 
¶p'
¶z

Black lines are actual 
cloud trajectories.

If we reconstruct z(t) 
using only buoyancy 
(slippery hypothesis), 
too much 
acceleration.

If we use only drag 
(“silly” hypothesis), 
too much 
deceleration.

Constant rise is given 
by a balance between 
buoyancy and drag 
(sticky hypothesis).

slippery

sticky

just plain silly



Cloud thermal

Radius  (km)

H
ei

gh
t f

ro
m

 to
p 

of
 th

er
m

al
  (

km
)

−10

−5

0

5

10

        Pa

−1
.0

−0
.5

0.
0

0.
5

0.5 0 0.5

Hill's vortex

Radius  (km)

H
ei

gh
t f

ro
m

 to
p 

of
 th

er
m

al
  (

km
)

−10

−5

0

5

10

        Pa

−1
.0

−0
.5

0.
0

0.
5

0.5 0 0.5

Why are cloud thermals are not slippery like Hill’s vortex?

Hill’s vortex is slippery thanks to its fore-aft symmetry,
a symmetry that real cloud thermals do not have.



Are clouds slippery or sticky?

Stereo photogrammetry

Large-eddy simulation

In other words, 
buoyancy is largely 
balanced by drag 
in mature cloud 

thermals

Sticky

Sticky
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2. Intro to the latest stereo product: COGS

3. What sets cloud cover?

4. Are clouds thermals or plumes?



4D CLOUDS
Clouds Optically

Gridded by Stereo

4D CLOUDS
Clouds Optically
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4D CLOUDS
Clouds Optically

Gridded by Stereo

A fictional publication with a cool cover

Volume 99      Number 12            December 2018

CLOUDS

OPTICALLY

GRIDDED BY

STEREO

Published in the December 2018 issue of BAMS

NOT featured on the cover

But, we tried…
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The moment 
the camera ring 

turns on.

18:00 UTC, 
August 31, 2017
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How accurate is COGS?
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What can COGS do?

For ShCu:

Cloud fraction
Cloud-base height
Cloud-top height
Cloud velocities

Cloud sizes
Cloud life cycle

etc.
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COGS measures cloud fraction instantaneously
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A short story about the tropical upper troposphere…
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Why is there so much cloud cover in the upper troposphere?

Or, why do Cb resemble anvils?



The current paradigm



The correct paradigm



qv

qv* – qv
At every height in the 
atmosphere, there is a 
specific humidity, qv

But, the interesting part is 
the subsaturation, qv* – qv







Seeley et al., “Formation of 
tropical anvil clouds by slow 
evaporation,” GRL, 2019



What does this story have to do with COGS?

To point out that cloud lifetimes matter

They matter for Cb, and they matter for ShCu

And, we can measure cloud lifetimes using COGS
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“active” (A) versus “forced” (F)
and

”thermal” (T) versus “plume” (P)

Mup = mass of air that ascends through the cloud’s base
Mdown = mass of air that descends through the cloud’s base
Mmax = maximum instantaneous mass of the cloud

F  =  Mdown  / Mup =  1 – A

T  =  Mmax    / Mup =  1 – P

Operational definitions of:



Active
Thermal



Forced
Thermal



Active
Plume



Forced
Plume



COGS can measure the cloud-base area,
which is needed to calculate Mup and Mdown

COGS can also measure cloud mass,
which is needed to calculate Mmax



1.  Are clouds sticky or slippery?

2.  Intro to the latest stereo product: COGS

3.  What sets cloud cover?

4.  Are clouds
thermals or 

plumes?


